Introduction
Auditory brainstem response (ABR) measurement is often used in the clinic as an objective measure to determine the hearing thresholds of the pediatric population and difficult-to-test adults, who are unable to respond behaviorally (Hall, 2007) . Bone conduction (BC) ABR is the essential procedure when air conduction (AC) ABR measurements indicate a hearing loss, as it provides information whether the hearing loss is purely conductive or has a sensorineural component (Hatton et al., 2012; Stapells, 2011) . This is particularly important for infants in order to diagnose the hearing loss and choose the amplification method for early intervention (American
Academy of Pediatrics, 2007).
Bone conduction is based on vibrations primarily transmitted through the skull bone to the inner ear (Stenfelt and Goode, 2005) . Bone conduction ABR is usually predecessor the B70 by its flat, circular contact tip, and from the B72 by its size and weight. Frequency response curves of the B71 shows three resonant peaks occurring at 450 Hz, 1500 Hz, and 3800 Hz, amplitudes of which decrease as the frequency increases. Harmonic distortions were shown to affect the B71's performance particularly at low frequencies (e.g. at 250 Hz) and the intensity of the second harmonic is close to the output at the fundamental frequency. When the harmonics have sufficient energy to stimulate the cochlea and the patient under test has better hearing at these harmonic frequencies, the obtained BC thresholds could be due to the perception of the harmonics rather than the perception of the fundamental frequency. Thus, the B71's widespread use as the standard bone vibrator has set the low frequency limit for BC threshold measurements at 500 Hz.
Recently, a new BC transducer, Radioear B81 (Radioear Corporation, Eden
Pairie, Minnesota, USA), was introduced for BC audiometry. With its new design, the B81 provides higher output with lower non-linear distortion at low frequencies and the ability to test audiometric BC threshold in people with more severe levels of hearing loss (Hakansson, 2003; Jansson et al., 2015) . Performance characteristics of the B81 has been documented in detail by Jansson et al. (2014) . In short, the B81 resembles the B71 in its size and shape, gives a similar frequency response with three resonance peaks (at 425 Hz, 1300 Hz, and 4125 Hz), and has similar electrical input impedance, which facilitates integration with existing audiometers. However, upon application of equal input voltage, the B81 produces 5.5 dB higher output at frequencies between 425 Hz and 1300 Hz, an important point to note for calibration. The B81 has less harmonic distortion for frequencies below 1000 Hz: the total harmonic distortion at 250 Hz being 1.88% compared to 28.07 % for the B71 when driven by an input voltage of 1 V RMS .
Furthermore, the B81 complies with the IEC 60645-1 requirement at 250 Hz by 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  O  n  l  y   3  Keceli, ABR measurements with Radioear B71 and B81 providing 52.6 dB maximum hearing level (dB HL), enabling threshold testing at 250
Hz. The improvement in the maximum stimulation level extends up to 1500 Hz.
Details of the electroacoustic performance of the B81 compared to the B71 summarized here can be found in Jansson et al. (2014) . The B81 has been further evaluated in terms of harmonic distortion and tactile sensation, which are important for defining the upper limit of stimulus intensity for BC threshold measurements (Eichenauer et al., 2014) . At the fundamental frequency of 250 Hz, the B81 provides a larger dynamic test range than the B71 as the second harmonic does not become audible until the input to the B81 is 30 dB HL (20 dB HL for the B71) and tactile sensation, which occurs at 35 dB HL is not a confounding factor (Eichenauer et al., 2014) . The similarity of tactile thresholds at 500
Hz and 1000 Hz for both devices however, appear to limit the advantages of the B81 to only 250 Hz.
The aim of this study is to evaluate the performance of the BC transducer B81 in terms of ABR response amplitude, latency, and electrical artifacts. This is accomplished by comparing the ABR recordings obtained using the B71 and the B81 from participants with normal hearing using sound stimuli at 20 dB nHL and 50 dB nHL consisting of tone bursts, click, and broad-band chirp.
Methods

Participants
Twenty-three participants with normal hearing (12 females) in the age range of 21 to 46 years (median 25 years) were tested. Pure-tone screening was performed to ensure that the participants had hearing thresholds better than 20 dB HL across the octave frequencies from 250 Hz to 8000 Hz. The participants did not have a history of hearing loss or ear disease and had normal otoscopy. The right ear was selected as the test ear. 
Setup and Calibration
Stimulus generation and ABR recordings were conducted with the Interacoustics Eclipse ABR System EP25 with version 4.4 software (Interacoustics A/S, Assens, Denmark). The ABR system was interfaced with the OtoAccess™ software (v0.8, Interacoustics A/S, Assens, Denmark) on a laptop PC. Test stimuli were tone bursts of 500, 2000, and 4000 Hz, click, and broad-band chirp at 20 dB nHL and 50 dB nHL and all were generated within the Eclipse system. For 2000 Hz and 4000 Hz, stimuli were 5-cycle Blackman-enveloped tone bursts. Due to the length of the signal, 500 Hz stimulus was a 3-cycle Blackman-enveloped tone burst. The broadband signals were the default stimuli in EP25 where the click stimulation is based on a 100 µs rectangular electrical pulse clicks and a level-specific broadband chirp termed CE-Chirp® LS that incorporates frequency dependent time delays to achieve better neural synchronization (Kristensen and Elberling, 2012) .
As the Eclipse EP25 system was calibrated for the B71 as default, it was necessary to adjust the electrical input to the B81 to obtain the same peak-to-peak vibration amplitude as for the B71. For each stimulus type at 50 dB nHL, the vibration outputs of the B71 and the B81 were measured on a Brüel and Kjaer type 4930 artificial mastoid (Brüel and Kjaer, Naerum, Denmark) with a static force of 5.4 Newtons. The voltage output of the artificial mastoid was fed to a data acquisition device (NI USB-6212; National Instruments, Austin, TX, USA) via a charge amplifier B&K 2635 (Brüel and Kjaer, Naerum, Denmark) and peak-to-peak vibration amplitudes were measured using Matlab® (MATLAB R2016b, The MathWorks Inc., Natick, MA,USA). After calculating the calibration values, the electrical output of the Eclipse EP25 was adjusted The ABR measurements with the B71 and the B81 were performed in two consecutive sessions. The device order was randomized while the stimuli order was fixed and each BC transducer was placed at a stable position, either posterior or superioposterior of the pinna without touching it. Care was taken to place the transducers on the same location on the right mastoid for each subject. The slight pressure mark of the former device on the scalp was used as the reference for the latter.
The BC transducers were held in place by the standard spring steel headband Radioear P3333 (Radioear Corporation, Eden Pairie, Minnesota, USA) with 3.5 -5.5 Newtons of static force, measured using a spring scale (part of the Brüel and Kjaer type 4930 artificial mastoid setup) for each subject. Although the B81 is about 1.5 mm smaller in height, the static force applied by the headband was similar for the two devices.
The non-test ear was masked with band-limited white noise using the masking option of the Eclipse system. The test-ear was open for tone burst stimuli at 500 and 2000 Hz to avoid the occlusion effect (Stenfelt and Reinfeldt, 2007) , while it was plugged at 4000 Hz to avoid the risk of radiated sound from the bone vibrator casing affecting the measurement (Lightfoot, 1979) . Insert earphones (3M™ E-A-RTONE™, 3M Company, Indianapolis, IN, USA) with foam ear tips (ER-3A, 3M E-A-RLINK™, 3M Company, Indianapolis, IN, USA) were used for masking and the same ear tips were used for plugging the test ear at 4000 Hz tone burst. Masking noise levels was adjusted to be 30 dB above the stimulus level using the masking level calculator by Dr.
Guy Lightfoot (Lightfoot, 2013) . The sound stimuli were delivered with alternating polarity at a rate of 37.2 Hz and 27 ms long sweeps were acquired using a bandpass filter between 33 and 3000 Hz and with a sampling frequency of 15 kHz. EP25 uses a dynamic gain-artifact rejection algorithm, where the amount of gain applied by the system also defines the rejection amplitude limits. For each participant, the gain was set at the maximum level at which the raw EEG (the ongoing activity without any stimulation, which is continuously acquired and visualized on the recording screen) is within the set rejection level i.e. raw EEG is not rejected. The gain was either 92 dB (rejection limit: ± 40 µV) or 98 dB (rejection limit: ± 20 µV) and once set, this subjectdependent gain was kept constant for all sessions. Rejection time range was adjusted to start at the sound stimulus offset to avoid rejection of sweeps due to electrical artifacts caused by the transducer. For each participant, two sets of 4000 sweeps for the tone bursts (a total of 8000 sweeps per stimulus) and two sets of 2000 sweeps for the broadband signals (a total of 4000 sweeps per stimulus) were obtained for each BC 
Analyses
For each condition (stimulus type, intensity, and device type), the arithmetic means of the two set of sweeps of the ipsilateral recordings were visually inspected offline for the replicability of the response and subsequent analysis were done on the grand average waveform. Averaging was performed across a fixed number of sweeps and sweeps received equal weight (no weighted averaging (Bayesian) was used). Peak latency and peak-to-peak amplitude of the Jewett wave V were measured. Peak to peak amplitude was measured from the peak of wave V to the SN10 trough. Electrical stimulus artifacts imposed on the ABR recordings were quantified by calculating the Hilbert envelope of the time segment corresponding to the stimulus artifact on the average of single polarity Hz tone burst, 4000 Hz tone burst, click, and broad-band chirp). The purpose of building repeated-measures ANOVA tables was to be able to evaluate: 1) the main effect of device type over the whole data set regardless of any other parameter but taking into account the direction of the change (gain or loss) and 2) the possible interactions of device type with stimulus intensity and/or type, which might suggest an effect of BC transducer type that is too subtle to show up as a main effect. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 1 along with the mean differences in amplitude. With an alpha = 0.05 and power = 0.80, the estimated sample size to have all the observed differences to be statistically significant was calculated to be 2627 participants.
The Eclipse ABR system can automatically calculate the residual noise (RN) of an averaged ABR waveform by computing the sweep-to-sweep variance of a single time point in the response waveform (Elberling et al., 1994; Elberling and Don, 1984) .
The residual noise across all tests was in the range of 20.04 -167.9 nV. Median values across all the sessions obtained with the B71 and the B81 were 56.3 nV and 50.11 nV, respectively. The reasons for the wide range of residual noise was the fixed-number-ofsweeps approach with straightforward averaging, the differences in the total number of The overall consistency of the measured latency values as seen on the scatterplot in Figure 1B combined with the ANOVA results suggest the similarity of the performance of the two BC transducers. Therefore no further analyses for the differences were performed except for the estimated sample, which was calculated to be 35308 with an alpha = 0.05 and power = 0.80, for all the observed differences to be statistically significant.
The peak values of the electrical stimulus artifact imposed on the ABR recordings are shown in Figure 3 and were analyzed by a two-factor repeated measures ANOVA. The B81 compared to the B71 caused a significant main effect on the artifact amplitude (F(1,22) = 27.356, p < 0.001) and there was also a significant interaction with stimulus type (F(4,88) = 23.489, p < 0.001) that indicates that the effect of the device type differs between stimulus types. There was a significant main effect of stimulus type on the artifact amplitude (F(4,88) = 92.715, p < 0.001). The post-hoc analyses revealed that the stimulus artifact was significantly reduced by the B81 compared with the B71 for the stimulus types of 500 Hz tone burst (t(88) = 12.76, p = 0.000), click (t(88) = 6.587, p < 0.001), and broad-band chirp (t(88) = 7.286, p < 0.001). There was 
Discussion
The diagnosis of conductive and mixed hearing loss is based on measurements of bone conduction hearing thresholds either with behavioral audiometry or using electrophysiological methods. The accurate measurement of a conductive component in profound hearing loss, however, is a challenge.
Recently a new design of a BC transducer has been suggested (Hakansson, 2003) to enable higher output levels with acceptable non-linear distortion. The transducer in the Radioear B81 is based on this new design and claims to enable BC testing at low frequencies such as 250 Hz (Jansson et al., 2015) . The increased testing level may also enable BC threshold testing in patients with severe hearing loss.
In this study, ABR recordings were investigated to reveal differences between the Radioear B81 and the conventional Radioear B71. The stimuli chosen include the ones usually used in clinical test procedures. As the test setup was calibrated as default for the B71, the stimuli intensities for the B81 sessions were adjusted to enable accurate comparison of the two devices. The adjustment values were similar to the previously published data on the electro-acoustic performance of the B81 (Jansson et al., 2015) .
The dimensions of the B81 are similar to the B71, except a small difference in height, and both can be used with the standard Radioear P3333 headband with similar static force. The testing was done with the BC transducers positioned on the mastoid.
The position may have differed across participants (but not across the BC transducers) from posterior to superoposterior of the pinna, which were reported to be equally effective locations for stimulating the cochlea (Dobrev et al., 2016) . Stimulus parameters for tone bursts were similar to the BC ABR studies published previously (Elsayed et al., 2015; Gorga et al., 1993; Hatton et al., 2012; Small and Stapells, 2003; Vander Werff et al., 2009) . Table 2 shows a summary of stimulus parameters used in previous studies on different aspects of BC ABR using the B71 as BC transducer. The latency values obtained in this study to tone bursts, click, and broad-band chirp stimuli were comparable to previous studies using the B71 (Beattie, 1998; Cobb and Stuart, 2016; Gorga et al., 1993) . Table 3 shows the summary of latency values reported previously for adults using the B71.
The absence of a general tendency towards a gain or loss of the observed differences in the wave V amplitude and latency between the B71 and the B81 across various sound stimuli suggests similarity of the performance of the two BC transducers for ABR measurements.
Although the estimated MDD values may suggest that the sensitivity of the current test method is low, the estimated sample size to have all the observed differences to be statistically significant was 2627 for the amplitude measurements (35308 for the latency measurements). Even if such numbers of participants could be recruited it would be impractical to undertake such a large study. However, the differences observed in this study do not identify one device as superior to the other (Figure 2 ). In the test protocol, the order of BC transducers were randomized across the subjects while keeping the stimuli order fixed. Therefore, directional differences in response amplitude might reflect the SNR variations during the recording session.
The new BC transducer B81 can be introduced easily to the existing electrophysiology setups as soon as correct calibration data is available. The size and shape of the B81 almost replicates the B71 and, therefore, manipulation of the device especially for obtaining BC ABR in infants would not require additional training. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
However, future studies will determine whether the two devices perform similar in infants and whether the B81 would make it feasible to obtain ABR responses at 250 Hz.
As the two BC transducers produce similar responses, the correction factors for BC stimuli published previously for the B71 can be applied for the B81 for adults (e.g. Frank et al., 1988) . In terms of electrical stimulus artifact, the B81 creates a significantly smaller stimulus artifact on the recordings for 500 Hz tone burst, click, and broad-band chirp. The fact that these stimuli correspond to the stimuli that required modification of stimulus intensity shows the capacity of the new B81 to produce high intensity vibrations with lower electromagnetic interference. The lower electrical artifact profile of the B81 is beneficial for systems which cannot configure the artifact reject region to avoid rejection due to large stimulus artifact as well as for continuous recordings like auditory steady state response (ASSR) measurements. A lower artifact profile would also be desirable for infant hearing screening considering the closeness of the recording electrodes and the BC transducer around the infant head.
In summary, the B81 performs similar to the B71 for tone bursts, clicks, and broad-band chirps at 20 dB nHL and 50 dB nHL stimulus intensity and gives a welcome reduction in electrical stimulus artifact. 
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